Objectives: Sustained suppression of plasma viremia in HIV-infected individuals is attainable with antiretroviral therapy (ART); however, eradication of virus that would allow discontinuation of ART has been hampered by the persistence of HIV reservoirs. It is of great interest to identify individuals who had received ART for prolonged periods of time with extremely low or undetectable HIV reservoirs and monitor plasma viremia following discontinuation of therapy.
Introduction
Despite the development of successful therapeutic strategies [1] , it has thus far been impossible to eradicate HIV in infected individuals receiving effective antiretroviral therapy (ART), mainly due to the persistence of viral reservoirs [2] [3] [4] . Previous studies have demonstrated the persistence of HIV in CD4 þ T cells in blood as well as in gut-associated lymphoid tissue (GALT) of infected individuals receiving ARTwho had maintained undetectable levels of plasma viremia for significant periods of time [5] , an observation that may help explain the relatively rapid rebound of plasma viremia upon treatment interruption [6, 7] . In this regard, it has been demonstrated that detectable levels of plasma viremia (>50 copies of HIV RNA per ml) re-emerge on average 9 days following discontinuation of ART in individuals who experienced ART-induced suppression of plasma viremia [7] . However, the vast majority, if not all, of such infected individuals carried readily detectable HIV reservoirs prior to cessation of ART and had received antiretroviral drugs for less than 3-5 years [6, 7] . Although viral reservoirs, which persist in spite of clinically effective ART, pose a major impediment to complete eradication of virus, evidence for continual decay of a pool of infected CD4 þ T cells has also been demonstrated in a subset of HIV-infected individuals, especially those who initiated ART during the early phase of infection [8, 9] . In this regard, it would be of interest to determine if treatment with ART for extended periods of time (up to and longer than a decade) could bring the viral reservoirs to extremely low and possibly undetectable levels, and whether under such conditions the occurrence, timing, and level of viral rebound would be influenced upon discontinuation of therapy. We conducted the present study to address this issue.
Materials and methods

Patient population
Forty-four individuals with documented HIV infection who had received ART for a median of 7.7 years (range 3.0-10.5) and who had achieved prolonged suppression of plasma viremia were studied. One of 44 patients had been reported in a previously published paper [9] . Nine of the 44 individuals initiated ART during the early phase of infection (<6 months after acquisition of HIV). All participants included in this study maintained undetectable levels of plasma viremia (<50 copies/ml) without viral 'blips' after initiation of ART as determined by frequent blood sampling (at least three times per year). Any individual with detectable plasma viremia (>50 copies/ml) during the course of ARTwas excluded from this study. Blood and tissue specimens were collected from the study participants in accordance with protocols approved by the Institutional Review Boards of the University of Toronto, Toronto, Canada, University of Washington, Seattle, and by the Office of Human Subjects Research at the National Institutes of Health.
Isolation of CD4 R T cells in blood and preparation of cells in gut-associated lymphoid tissue
Peripheral blood mononuclear cells (PBMCs) were obtained from blood draw and leukapheresis by Ficoll-Hypaque density gradient centrifugation. CD4 þ T cells were isolated from PBMCs of HIV-infected individuals using either a column-based cell or an automated separation technique (StemCell Technologies) as previously described [10] . The purity of enriched CD4 þ T cells was generally greater than 95% assessed by flow cytometry. In order to examine cells in GALT, sigmoidoscopy was conducted in two study participants. Tissue samples (>10 biopsies) were incubated with 0.5 mg/ml collagenase (Type II-S; Sigma) in RPMI containing 5% fetal bovine serum, HEPES, and Pen/ Strep at 378C for 30 min. After frequent pipetting and vortexing, cells were washed and stored on ice and the remaining undigested tissue was treated with 1.0 mg/ml collagenase for an additional 30 min. The cells obtained above were subjected to CD8 þ cell depletion (Invitrogen-Dynal).
Quantitative real-time PCR for measurements of HIV DNA
In order to determine the frequency of CD4 þ T cells carrying HIV proviral DNA in infected individuals, realtime PCR was carried out on genomic DNA isolated from 1-2 Â 10 6 purified CD4 þ T cells using the Puregene DNA isolation kit according to the manufacturer's specifications (Gentra). 1 mg of DNA was then used as a template for real-time PCR in an iCycler (Bio-Rad). The amplification reaction was carried out in triplicate using 0.5 mmol/l primers, 0.2 mmol/l fluorescent probe, 0.8 mmol/l dNTPs, 5 mmol/l MgCl 2 , and 2.5 U Platinum Taq Polymerase (Invitrogen) in 50 ml total volume. The following primers were used: 5 0 -GGTCT CTCTGGTTAGACCAGAT-3 0 (5 0 primer) and 5 0 -CTG CTAGAGATTTTCCACACTG-3 0 (3 0 primer) along with the fluorescent probe 5 0 -6FAM-AGTAGTGTG TGCCCGTCTGTT-TAMRA-3 0 . PCR conditions consisted of a denaturation step at 958C for 3 min followed by 45 cycles of 15 s at 958C and 1 min at 598C. Serially diluted ACH-2 DNA (40 000, 8000, 1600, 320, 64, 12.8, 2.56, and 0.56 cell equivalents per well in triplicates) was also subjected to the above PCR to obtain standard curves. The detection limit of the assay was 2.6 copies of HIV DNA. In order to determine the frequency of HIV infection in GALT, approximately 200 000 CD8depleted cells were lyzed in 10 mmol/l Tris-HCl pH8 containing 100 mg/ml proteinase K (Roche Applied Science) for 1 h at 568C followed by heat inactivation of the enzyme. Real-time PCR specific for human ß-actin DNA (Applied Biosystems) was carried out on the above cell lysates in order to determine the exact copy number of cells per ml of cell lysate. Serially diluted ACH-2 DNA was also subjected to the above PCR to obtain standard curves. Finally, real-time PCR specific for HIV DNA was carried out as described above and the copy number of HIV DNA per 1 Â 10 6 CD4 þ T cells was calculated based on the results obtained from the PCR experiments.
High-input quantitative coculture assays In order to determine the frequency of CD4 þ T cells carrying replication-competent HIV, high-input quantitative coculture assays were carried out in which multiple wells containing 1 Â 10 7 CD4 þ T cells were subjected to activation in 12-well tissue culture plates as described previously [11] . Briefly, highly enriched CD4 þ T cells were enumerated using an automated cell counter (Guava PCA, Guava Technologies) and precisely 10 Â 10 6 CD4 þ T cells were seeded to each well in 12-well plates. Subsequently, 8 Â 10 6 irradiated PBMCs from HIVnegative healthy donors were added to each well along with anti-CD3 antibody and incubated overnight in the presence of culture medium including recombinant IL-2 (20 units/ml). 1 Â 10 6 CD8-depleted and anti-CD3 stimulated PBMC blasts from HIV-negative donors were added to each well the following day and again on day 7. The cultures were subjected to removal of 33% of the cell suspension every three days and replenished with fresh media. The culture supernatants were subjected to HIV p24 ELISA between days 14 and 21. The viability of cultures was periodically measured using dyes that stain cell membrane and DNA (Guava PCA, Guava Technologies). The infectious units per million cells (IUPM) values from the high-input coculture (HIC) assays were determined as described [2] except that the Newton-Raphson algorithm with a convergence criteria of relative change of the estimated IUPM value less than 1 Â 10 À6 was used. When high-HICs were negative, the IUPM value was estimated to be lower than a number that assumes that one well containing 10 million cells was indeed culture-positive.
Determination of plasma viremia following discontinuation of antiretroviral therapy Plasma viral loads were monitored longitudinally using a branched DNA assay (the limit of detection of 50 copies of HIV RNA per ml) after one study participant voluntarily discontinued all antiretroviral drugs.
Results
In order to determine the frequency of CD4 þ T cells carrying HIV DNA from the study participants, genomic DNA was prepared from highly purified CD4 þ T cells and subjected to real-time PCR specific for HIV proviral DNA (limit of detection 2.6 copies of HIV DNA per mg of genomic DNA or 150 000 cell equivalent) [10] . The median copy number of HIV proviral DNA for all study participants examined was 417.1 (range <2.6-8804.4) per 10 6 CD4 þ T cells (Fig. 1a ). The median copy number of HIV proviral DNA in the study participants who had initiated ART within 6 months of infection was significantly lower (4.6 copies per 10 6 CD4 þ T cells) compared to those who had initiated ART during the chronic phase of infection (949.4 copies per 10 6 CD4 þ T cells) (P ¼ 0.003). Of note, no measurable HIV proviral DNA was detected in four of nine early treated (44.4%) and four of 35 chronic treated (11.4%) individuals.
In order to examine the frequency of CD4 þ T cells carrying infectious virus, a HIC assay [11] , which allows examination of large numbers of cells, was conducted (a) Levels of HIV proviral DNA in highly enriched CD4 þ T cells was determined by real-time PCR as previously described [10] . The open and closed squares represent data obtained from the 'early treated' and 'chronic treated' individuals, respectively. (b) Levels of replication-competent HIV in CD4 þ T cells from infected individuals were determined by high input coculture assay as previously described [11] . The median is shown as gray bars.
using highly enriched CD4 þ T cells from the eight infected individuals in whose cells no measurable HIV proviral DNA had been detected. As shown in Fig. 1b , infectious virus was recovered in all infected individuals using the HIC assay on CD4 þ T cells. In one particular individual, the first HIC assay involving 3 Â 10 8 purified CD4 þ T cells failed to produce replication-competent virus (7.6 years after initiation of ART). The infectious viral burden was estimated to be below 0.0012 per 10 6 CD4 þ T cells, using the assumption that one additional well would have resulted in HIV p24-positive outcome. However, a subsequent HIC assay conducted 10.5 years after initiation of ART using 1.56 Â 10 9 CD4 þ T cells resulted in one out of 156 wells being positive for infectious virus. This translated into an infectious viral burden of 0.00064 per 10 6 CD4 þ T cells or one infected cell per 1.7 Â 10 9 CD4 þ T cells. This is the lowest infectious HIV burden recorded to date in our laboratory and is considerably lower than the previously reported average frequency of 0.059 infectious units per 10 6 CD4 þ T cells in HIV-infected individuals having received ART for more than 7.6 years [10] . When the coculture data were stratified by time of initiation of ART, the frequency of cells carrying infectious virus in infected individuals who initiated therapy within 6 months of infection was significantly lower (median: 0.0074 infectious units per 10 6 CD4 þ T cells, range 0.00064-0.0173) than that of infected individuals who initiated therapy during the chronic phase of infection (median 0.0666 infectious units per 10 6 CD4 þ T cells, range 0.0345-0.0847) (P ¼ 0.03).
Colonoscopy was performed on two infected individuals in order to measure levels of HIV in GALT. As shown in Table 1 , real-time PCR conducted on CD8-depleted cells from sigmoid colon biopsies from one infected individual (who initiated ART during the chronic phase of infection) in whom HIV proviral DNA was undetectable in peripheral blood CD4 þ T cells, but in whom infectious virus was recovered, revealed readily detectable HIV DNA (89 copies of DNA per million cells). However, HIV DNA was undetectable in CD8depleted cells isolated from the sigmoid colon biopsies of the infected individual (who initiated ART during the early phase of infection) in whom HIV proviral DNA was undetectable and the level of infectious virus was extraordinarily low (one infected cell per 1.7 Â 10 9 CD4 þ T cells) in peripheral blood CD4 þ T cells ( Table  1 ), suggesting that a profound reduction in the size of viral reservoir was achieved in this study participant.
In order to investigate whether discontinuation of ART in the individual who was started on ART early in the course of infection and who had an extraordinarily low HIV reservoir would result in rebound of plasma viremia, and what the kinetics of such a rebound would be if it occurred, we discontinued ART in the patient upon his consent and monitored plasma viremia. As shown in Measured by a branched DNA assay with a detection limit of 50 copies per ml of plasma. c 80 wells containing 1 mg of genomic DNA per well resulted in undetectable levels of HIV proviral DNA. Fig. 2 , plasma viremia was not detected for the first 50 days following discontinuation of therapy. Subsequently, plasma viremia rebounded to 1593 copies of HIV RNA per ml followed by spontaneous suppression to an undetectable level. However, plasma viremia then rebounded again to 8684 copies of HIV RNA per ml on day 143 at which point ART was re-initiated.
Discussion
The persistence of HIV proviral DNA and/or infectious virus in CD4 þ T cells of infected individuals receiving ART and in whom plasma viremia was suppressed below the level of detection for prolonged periods of time has thus far made the prospect of eradicating virus extremely problematic [2] [3] [4] 10] . In the present study, we demonstrated undetectable levels of HIV DNA in the blood of eight infected individuals on long-term ART, including one individual in whom HIV proviral DNA could not be detected in the GALT and infectious HIV burden was extraordinarily low. Among the eight individuals whose peripheral blood CD4 þ T cells had undetectable HIV DNA, the frequency of cells carrying infectious virus was significantly lower in those in whom ART was initiated during the acute/early phase of infection compared to those who began therapy during the chronic phase of infection. It is not clear whether differential decay rates of virus in subsets of memory CD4 þ T cells [12] and/or efficacy of different drug regimens contributed to rapid clearance of HIV in some infected individuals receiving ART. Although we cannot rule out the existence of low levels of HIV replication [13, 14] or the persistence of virus in other lymphoid tissue [5, 8] , our data clearly suggest that, at least in a subset of infected individuals, the profound suppression of viral replication by long-term effective ART that had been initiated early in the course of infection may lead to substantially greater reduction of residual HIV compared to those in whom ART was initiated after HIV infection had already been established as a chronic process. Of note, it is likely that a standard quantitative coculture assay would not have detected any replication competent virus in one study participant, given the unusually large number of cells (over one billion CD4 þ T cells) used to detect one well containing infectious HIV in the CD4 þ T cells. Nonetheless, the present study clearly demonstrated that the combination of early initiation of ART, an extended duration of therapy, and a profoundly low HIV burden in CD4 þ T cells did not eradicate HIV, nor did it indefinitely suppress the re-emergence of plasma viremia; however, it did lead to a longer period (50 days) of aviremia compared to previous studies (average 9 days) after cessation of antiretroviral drugs [7] . It is possible that profoundly low HIV burden and/or HIV-specific immune responses may have contributed to the long delay of plasma viral rebound in this infected individual [15] . The secondary plasma viral rebound may have been due to emergence of escape mutants [16] . Our data also suggest that the vast majority of, if not all, infected individuals receiving ART will experience plasma viral rebound regardless of the level of HIV in their CD4 þ T cell compartment at the time of discontinuation of ART.
Several attempts have been made in the past to 'flush' out HIV from CD4 þ T cells in infected individuals receiving ART without providing definitive evidence for eradication of virus [6, 17, 18] . Of note, we have previously demonstrated that co-administration of IL-2 and ART could lead to a dramatic diminution in the size of the CD4 þ T-cell viral reservoir [11] . Yet, despite the diminution in the size of the viral reservoir, HIV proviral DNA was still readily detectable in their CD4 þ T cells prior to cessation of antiviral drugs. Given the presence of detectable proviral DNA, it should not have been surprising that these patients experienced rebound of plasma viremia upon discontinuation of therapy [6] . However, the present study demonstrates that despite the fact that prolonged treatment with ART initiated early in the course of HIV infection resulted in undetectable levels of proviral DNA and profoundly low levels of infectious HIV in peripheral blood CD4 þ T cells, virus still rebounded upon discontinuation of therapy. It appears that currently available antiretroviral drugs, even when initiated early in the course of infection and continued for prolonged periods of time resulting in 'undetectable' HIV DNA, do not eradicate HIV [19] . In order to achieve a condition under which HIV does not rebound for extended periods of time in the absence of ART, novel therapeutic strategies aimed at more specifically targeting these extremely rare infected cells may be necessary with or without the use of therapeutic vaccination to boost immune system control of viral rebound. In addition, prior to interrupting antiretroviral therapy in HIVinfected individuals, exhaustive laboratory assays, especially HIC assays that allow detection of infectious virus in large numbers of CD4 þ T cells, should be conducted given rebound of plasma viremia following cessation of therapy is all but certain as long as infectious viral reservoirs are present.
